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Pitolisant alleviates brain network dysfunction and cognitive
deficits in a mouse model of Alzheimer’s disease
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Histamine H3 receptor (H3R) antagonists regulate histamine release that modulates neuronal activity and cognitive function.
Although H3R is elevated in Alzheimer’s disease (AD) patients, whether H3R antagonists can rescue AD-associated neural
impairments and cognitive deficits remains unknown. Pitolisant is a clinically approved H3R antagonist/inverse agonist that treats
narcolepsy. Here, we find that pitolisant reverses AD-like pathophysiology and cognitive impairments in an AD mouse model.
Behavioral assays and in vivo wide-field Ca2+ imaging revealed that recognition memory, learning flexibility, and slow-wave
impairment were all improved following the 15-day pitolisant treatment. Improved recognition memory was tightly correlated with
slow-wave coherence, suggesting slow waves serve as a biomarker for treatment response and for AD drug screening. Furthermore,
pitolisant reduced amyloid-β deposition and dystrophic neurites surrounding plaques, and enhanced neuronal lysosomal activity,
inhibiting which blocked cognitive and slow-wave restoration. Our findings identify pitolisant as a potential therapeutic agent for
AD treatments.
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INTRODUCTION
Alzheimer’s disease (AD) is a progressive neurodegenerative
disorder, primarily characterized by a gradual decline in cognitive
function [1]. The most typical pathological hallmark of AD is
amyloid-beta (Aβ) plaques [1]. In recent years, numerous
monoclonal antibodies targeting brain Aβ have entered clinical
trials. Among them, donanemab and lecanemab [2, 3] have shown
remarkable efficacy in clearing Aβ plaques from the brain of AD
patients. However, the improvement in cognitive abilities is
limited [4–6], as they might not reverse the neuronal impairments
that have occurred widely in the brain networks. Clearly, lessons
learned from these clinical trials suggest that a strategy solely
targeting Aβ clearance does not fully correlate with improvements
in patients’ cognitive function [7].
Recent accumulating evidence suggests a direct link between

disruption of neuronal network and cognitive impairment in AD,
largely based on two lines of evidence obtained from animal
model studies. On the cellular level, two-photon Ca2+ imaging
experiments indicate that neurons in the hippocampus and cortex
are hyperactive in AD or even at the early stage of AD [8, 9]. On
the network level, wide-field Ca2+ imaging studies have shown
that cortical slow waves (slow oscillations; i.e., low-frequency,
high-amplitude oscillations in the frequency range of 0.1 to 3 Hz

[10]) are disrupted in anesthetized APP/PS1 AD model mice [11].
Importantly, this work also reported that restoration of normal
neuronal network activity occurs conjointly with the rescue of
cognitive disruption in AD mice [11]. Slow waves are present
during non-rapid eye movement (NREM) sleep as well, and are
suggested to be associated with memory consolidation [12, 13],
clearance of metabolic waste in the brain [14–16], and neural cell
repair [17]. In AD patients, slow waves are also impaired [18, 19].
Unsurprisingly, neuronal dysfunction was shown to be associated
with network disruption, ultimately resulting in cognitive deficits
in learning and memory [20]. It is, therefore, necessary to screen
new candidate drugs that can restore neuronal network function
to improve cognitive functions in AD.
H3R is a histamine G protein-coupled receptor (GPCR) that is

primarily expressed in the brain [21] and regulates histamine
release to modulate neuronal activity and influence various
cognitive functions [21]. Pitolisant is the first H3R antagonist/
inverse agonist that has been approved to treat narcolepsy [22].
Clinical studies have found that H3R expression is higher in AD
patients [23]. H3R inverse agonists have been shown to enhance
long-term memory performance in both mice and healthy adult
humans [24], but it currently remains unclear whether pitolisant
can benefit AD patients. Here, we found that the 15-day pitolisant
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treatment significantly improved learning and memory perfor-
mance, and rescued cortical slow-wave impairment in a
β-amyloidosis mouse model. Pharmacological experiments have
shown that neuronal lysosomal function may underlie the
mechanism of pitolisant-mediated improvement in cortical slow-
wave activity and cognitive abilities. This work provides a potential
target for neuroprotection through up-regulating lysosomal
function [7] that rescues the dysfunction of neural networks to
improve the patients’ quality of life and interrupt the
progression of AD.

RESULT
Pitolisant rescues cognitive impairments in 5xFAD mice
We investigated the behavioral impairments in transgenic 5xFAD
mice, an animal model of AD in which Aβ is elevated to
pathological levels in the brain with cognitive deficits [25]. To
determine whether chronic treatment with pitolisant could
improve cognitive functions in 5xFAD mice, we tested non-
spatial/spatial recognition memory in male 5xFAD mice given
15 days of treatment with saline or pitolisant (20 mg/kg/d) using
the novel object recognition test (NORT) or novel object location
recognition test (NLRT) (Fig. 1a, c). During the learning phase in
NORT, no differences were observed in mouse recognition index
(see Methods) with objects among the pitolisant- or saline-treated
5xFAD or wild-type (WT) control groups (Fig. 1b left), indicating
that these mice displayed no discernible preference for any of the
test objects. However, upon presentation of a novel object during
the testing phase, the saline-treated 5xFAD group spent less time
exploring the object than the saline-treated WT mice (Fig. 1b
right), suggesting that object recognition memory was indeed
impaired in the 5xFAD vehicle control group. By contrast, 5xFAD
mice treated with pitolisant spent significantly more time
exploring the novel object than the 5xFAD vehicle control group
(Fig. 1b right), suggesting that object recognition (i.e., memory)
was improved in mice treated with pitolisant. Similar to these
results, 15-day pitolisant treatment resulted in an enhanced
interaction index of time spent with previously introduced objects
moved to a novel location in 5xFAD mice compared with their
saline-treated 5xFAD counterparts (Fig. 1d), suggesting improve-
ment of the impaired spatial memory (between groups). To further
eliminate the potential confounding effects of variability among
individual animals in baseline cognitive ability, we modified the
experimental paradigm (Fig. 1e, g) to assess changes in cognitive
ability in the same mice pre- and post-pitolisant administration
(within groups). The results of NORT showed that cognitive
abilities were significantly enhanced in the same 5xFAD mice
after pitolisant treatment compared to their pre-administration
baseline performance (Fig. 1f), which was also observed in the
NLRT (Fig. 1h).
We also administrated acute experiments with a dose of

pitolisant (20, 50 or 100 mg/kg) in 5xFAD mice and then
conducted the NORT task. We found no significant changes in
cognitive abilities, as compared to the control group (Supple-
mentary Figure 1). In addition, we tested the cognitive impacts of
chronic pitolisant treatment at different doses (0.1, 1, 5, 10, 20mg/
kg) in 5xFAD mice (Fig. 1i, j). The results of NORT or NLRT revealed
that the low doses (0.1–1mg/kg) of pitolisant did not significantly
alter non-spatial or spatial memory in 5xFAD mice, whereas 5xFAD
mice treated with the higher doses (10, 20 mg/kg) showed
enhanced cognitive ability, suggesting that the cognitive effects of
pitolisant are dose-dependent.
To test the impact of long-term pitolisant treatment on learning

behavior in WT mice, we investigated the cognitive abilities of WT
mice by administrating either saline or 20mg/kg/d pitolisant for
15 days (Supplementary Figure 2a, e). In NORT, we designed two-
delay conditions: one with a 10-minutes delay (Supplementary
Figure 2b) and another with a 24-hour delay (Supplementary

Figure 2c). The NORT results indicated no significant difference in
the interaction index with the novel object between WT mice
treated with long-term pitolisant and the saline control group, nor
between male and female mice (Supplementary Figure 2d). The
NLRT also included two-delay conditions (Supplementary Figure
2f, g). Similar to the NORT results, the interaction index with
previously introduced objects moved to a new location showed
no significant difference between WT mice treated with long-term
pitolisant and the control group, nor between females and males
(Supplementary Figure 2h). These data suggest that pitolisant
does not affect learning and memory tested in WT mice.

Pitolisant restores synchronization of cortical slow waves in
5xFAD mice
To characterize the effect of pitolisant on neuronal activity across
the cortical network, we used wild-field imaging to monitor Ca2+

fluorescence signals with a high-speed scientific complementary
metal-oxide-semiconductor (sCMOS) camera in mice under
anesthesia with isoflurane (0.8–1.0%) (Supplementary Figure 3a
left). We exposed both hemispheres by making a large craniotomy
(Supplementary Figure 3a center left), followed by bulk loading of
cortical tissues with the Ca2+ indicator, Cal-520-AM (Supplemen-
tary Figure 3a center right) in multiple locations (Supplementary
Figure 3a right). Consistent with previous studies, isoflurane
anesthesia induced slow waves under 1 Hz which is similar to
those occurring during natural NREM sleep [10]. The Ca2+ signals
represent an aggregate of neuronal and neuropil activity
[11, 26, 27]. To quantify the cortex-wide spatiotemporal patterns
of slow-wave activity, we divided each hemisphere into four
regions, from anterior to posterior: the frontal cortex, the motor
cortex, the somatosensory cortex, and the occipital cortex
(Supplementary Figure 3a right) [11]. Synchronization of these
regions was then determined by correlation analysis, with strong
correlations (i.e., high coherence close to 1 between signals)
indicating synchronization and no correlation (i.e., low coherence
close to 0 between signals) indicating out of phase in signaling
across the cortex.
In wide-field Ca2+ imaging experiments of WT mice treated with

saline for 15 days, slow-wave activity exhibited highly consistent
Ca2+ signal patterns within each region, matching the signaling
traces recorded in other regions (Fig. 2a, b). However, wide-field
Ca2+ imaging experiments in male 5xFAD mice treated with saline
for 15 days showed that slow-wave activity followed a relatively
disorganized pattern of Ca2+ signals in each region that did not
match signaling traces recorded in other regions, indicating a
breakdown of coherence in 5xFAD mice (Fig. 2c, d). Strikingly,
such disruption of cortical synchronization was significantly
rescued by pitolisant, as slow-wave activity showed increasing
regularity and shared higher correlation among regions in 5xFAD
mice treated with pitolisant (Fig. 2e, f), which were more similar to
patterns observed in saline-treated WT mice (Fig. 2a, b).
To quantify the difference between different groups, we plotted

the coherence of signals as a function of the distance between brain
regions (“near” = two neighboring cortical regions; “mid” =
separated by one region; “far” = separated by two regions (i.e.,
between occipital and frontal cortex) [11]. In WT mice, the coherence
was high and only showed a small decrease with distance. In 5xFAD
mice, the coherence was markedly lower than those in WT mice,
especially between cortical regions that were separated by longer
distances. In pitolisant-treated 5xFADmice, the coherence was higher
among near, mid and far regions than vehicle control 5xFAD mice. A
two-way analysis of variance (ANOVA) showed that difference
between groups were highly significant (Fig. 2g). Likewise, the
frequency of slow waves in different regions of pitolisant-treated
5xFAD mice was also more similar to that of vehicle-treated WT mice
than to vehicle-treated 5xFAD mice (Fig. 2h), indicating that both
breakdown of synchronization and increased frequency observed in
the AD mouse model were rescued by 15-day pitolisant treatment.
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Furthermore, we found that the coherence of slow-wave activity
was significantly correlated with cognitive behavioral performance
in NORT (Fig. 2i) or NLRT (Fig. 2j) assays. These results suggest that
slow-wave activity in the cortex could serve as a biomarker for
drug efficacy in the evaluation of brain network function and
cognitive ability. We also examined the effects of acute pitolisant
(20 mg/kg, one dose) administration on slow-wave activity
through large-scale Ca2+ imaging experiments (Supplementary
Figure 3b, e). We found that such single-dose pitolisant
treatment had no effect on the coherence of cortical activity
(Supplementary Figure 3c, f) or frequency of Ca2+ signals
(Supplementary Figure 3d, g) in either in 5xFAD or WT mice,
indicating that acute pitolisant administration did not affect
slow-wave activity.

Additionally, we conducted experiments at different treatment
time points to assess cognitive abilities and neural network
changes (Supplementary Figure 4a–c). The results showed that
administration of pitolisant for 3, 5, or 10 days did not significantly
affect slow-wave oscillations (Supplementary Figure 4d, e) and
cognitive abilities (Supplementary Figure 4f, g) in 5xFAD mice.

Pitolisant rescues impaired cognitive flexibility in 5xFAD mice
The ability of an individual to quickly adjust their behavior
strategies when faced with changing environments (or cognitive
flexibility) is often impaired in AD patients [28–31]. To investigate
whether pitolisant could affect spatial cognitive flexibility, we
tested our treatment groups in a modified Morris water maze [32]
(Fig. 3a; see Methods). After several days of training, all mice
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(top) and novel object recognition test (NORT, bottom) executed for 5xFAD mice after treatment (20mg/kg pitolisant or same volume of saline
per day for 15 days; male mice 6 to 7 months of age; F = familiar, N = novel). b Statistic plots showing results from the unpaired NORT
procedure. Left: Statistic plot of the NORT learning phase (n= 13 WT mice with saline; n= 13 5xFAD mice with saline; n= 13 5xFAD mice with
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with saline; n= 13 5xFAD mice with saline; n= 13 5xFAD mice with 20 mg/kg pitolisant; one-way ANOVA with Tukey’s multiple comparisons
test, WT+ S versus 5xFAD + S, P= 0.0008; WT+ S versus 5xFAD + P, P= 0.9814; 5xFAD + S versus 5xFAD + P, P= 0.0005). c Unpaired
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Tukey’s multiple comparisons test; WT+ S versus 5xFAD + S, P= 0.0002; WT+ S versus 5xFAD + P, P= 0.1551; 5xFAD + S versus 5xFAD + P,
P= 0.0293). e Paired experimental procedure for pitolisant treatment (top) and novel object recognition test (NORT, bottom) executed for
5xFAD mice before and after treatment (20mg/kg per day for 15 days; male mice 6 to 7 months of age; F = familiar, N = novel). f Heat-map
plots showing object recognition memory measures during the testing phase from NORT. The statistic plot shows the Δobject recognition
index during the testing phase of NORT (n= 20 mice; two-tailed paired t-test; P= 0.0113). g Paired experimental procedure for pitolisant
treatment (top) and novel location recognition test (NLRT, bottom) (20mg/kg per day for 15 days; male mice 6 to 7 months of age). h heat-
map plots showing Δobject recognition memory measures in the testing phase from NLRT. The statistic plot shows the cognition index during
the testing phase of NLRT (n= 20 mice; two-tailed paired t-test; P= 0.0002). i Fitted dose-dependent curve for 5xFAD after pitolisant
treatment in NORT. j Fitted dose-dependent curve for 5xFAD after pitolisant treatment in NLRT. Each dot represents an individual animal. Error
bars represent mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ns = no significance.
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learned to find the submerged platform. Both the pitolisant- and
vehicle-treated male 5xFAD groups spent more time and traveled
a longer distance in finding the platform than the WT vehicle
group (Fig. 3b; Supplementary Figure 5a, c). Similarly, subsequent
probe tests showed that the WT saline group exhibited
significantly longer time in the target quadrant than either 5xFAD
group, in which these two 5xFAD groups had no significant
difference (Fig. 3c; Supplementary Figure 5d).
We then tested whether mice could find the platform in a novel

location after the initial learning test (reversal test) (Fig. 3d). We
found that the WT vehicle mice found the new platform location
more quickly than 5xFAD groups (Fig. 3d; Supplementary Figure
5b, c). Moreover, the pitolisant-treated mice could find the novel
location significantly faster than the saline-treated 5xFAD mice
(Fig. 3d; Supplementary Figure 5b, c). Probe experiments
quantifying time spent in the platform area further illustrated
that the pitolisant-treated 5xFAD mice spent significantly more
time in the new platform area than the corresponding vehicle
controls (Fig. 3e; Supplementary Figure 5d). These results suggest
that pitolisant enhances spatial cognitive flexibility in the AD
model mice. Additionally, a comparison of swimming speeds
showed no significant differences among any of the tested groups
during the initial learning (Supplementary Figure 6a) or reversal

platform location test (Supplementary Figure 6b), indicating that
pitolisant does not affect motor ability in these tests.

Pitolisant reduces Aβ deposition in 5xFAD mice
Due to the known influence of amyloid-beta (Aβ) on slow waves
[11], we analyzed the levels of soluble and insoluble Aβ in the
cortex of male 5xFAD mice by the enzyme-linked immunosorbent
assay (ELISA). We observed that mice treated with pitolisant for
15 days showed lower levels of both soluble Aβ40 (Fig. 4a left) and
Aβ42 (Fig. 4b left) in tris buffered saline (TBS) than saline-treated
5xFAD control mice. Similarly, the pitolisant treatment group
exhibited lower levels of insoluble Aβ40 (Fig. 4a mid) and Aβ42
(Fig. 4b mid) in sodium dodecyl sulfate (SDS). We noted no
significant difference in plasma levels of either Aβ40 (Fig. 4a right)
or Aβ42 (Fig. 4b right), indicating that pitolisant does not affect
the efflux of Aβ from the brain. Additionally, we found that neither
soluble nor insoluble Aβ was detected in the brains or plasma in
WT mice (Fig. 4a, b).
As Aβ plaques are classical pathological signs of AD observed in

both patients [33] and mouse models [25], we examined Aβ
deposition using thioflavin staining in brain slices of 5xFAD mice
(Fig. 4c). We found that 5xFAD mice treated with pitolisant for 15
days had significantly decreased Aβ plaque areas in both the
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animal shown in a. Rows and columns are labeled by cortical area. c Representative traces from frontal (red) and occipital (black) cortex of a
5xFAD mouse with saline illustrating the massive impairment of long-range coherence for slow waves. Traces are superimposed below.
d Cross-correlation matrix calculated from the same animal shown in c. e Representative traces from frontal (red) and occipital (black) cortex
of a 5xFAD mouse with pitolisant treatment illustrating the recovery of long-range coherence for slow waves. Traces are superimposed below.
f Cross-correlation matrix calculated from the same animal shown in e. g Summary graph displaying the average cross-correlation coefficients
and standard errors plotted against the cortical distance (categorized as near for two neighboring cortical domains, mid for domain pairs
separated by one region, and far for domain pairs separated by two regions) in all groups (n= 11 WTmice with saline; n= 12 5xFAD mice with
saline; n= 12 5xFAD mice with 20mg/kg pitolisant; two-way ANOVA with Tukey’s multiple comparisons test; WT+ S versus 5xFAD + S,
P < 0.0001; WT+ S versus 5xFAD + P, P < 0.0001; 5xFAD + S versus 5xFAD + P, P < 0.0001). h Summary graph of the mean frequencies of slow
waves in cortical areas (occ., occipital; som., somatosensory; mot., motor; fro., frontal cortex) in all groups (n= 11 WT mice with saline; n= 12
5xFAD mice with saline; n= 12 5xFAD mice with 20mg/kg pitolisant; two-way ANOVA with Tukey’s multiple comparisons test; WT+ S versus
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plotted against the correlation coefficient (c.c.) in WT+ S (grey point, n= 18), 5xFAD + S (black point, n= 15), and 5xFAD + P (20mg/kg) (red
point, n= 18) (spearman correlation with simple linear regression, P < 0.0001, R= 0.6279). Error bars represent mean ± SEM. *P < 0.05,
**P < 0.01, ***P < 0.001, ns = no significance.
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cortex and hippocampus compared to the 5xFAD vehicle group
(Fig. 4e). We also quantified Aβ plaques by immunofluorescent
staining with the well-characterized 6E10 antibody [34] (Fig. 4d). In
line with our above results, pitolisant treatment resulted in a
reduced deposition of 6E10-labeled Aβ plaques in the cortex and
hippocampus in 5xFAD mice compared to that in the 5xFAD
vehicle group (Fig. 4f). We also examined Aβ plaques in the brains
of WT mice using thioflavin staining and 6e10 immunofluores-
cence, and found no detectable Aβ deposition in the brains of WT
mice (Fig. 4c–f).

Pitolisant ameliorates dystrophic neurites and enhances
lysosomal activity in 5xFAD mice
Dystrophic neurites, i.e., “swollen axons,” are commonly found
surrounding Aβ deposits, and widespread in the AD brain [35],
suggesting substantial impacts on axons and downstream
neurons that could, in turn, alter the occurrence and propagation
of cortical network activities. We therefore sought to measure the
size of dystrophic neurites by immunofluorescent staining for the
selective marker of lysosomal components, LAMP1 (lysosomal
associated membrane protein 1; Fig. 5a) [35, 36]. We found that
male 5xFAD mice treated for 15 days with pitolisant had a reduced
proportion of LAMP1-positive regions around plaques, and a lower
density of LAMP1-positive clusters in cortex (Fig. 5b). These results
suggest the possibility that pitolisant beneficially influences slow-
wave activities in 5xFAD mice by alleviating dystrophic neurites
and Aβ deposition, and consequently improves cognitive abilities.
Furthermore, we did not observe any dystrophic neurites in the
brains of WT mice (Fig. 5b).
Impaired lysosomal acidification in neurons has been reported

as a pathological feature of AD [37] that leads to the accumulation

of immature lysosomes enriched in Aβ in axons and, ultimately,
the formation of dystrophic neurites [38]. Additionally, Aβ plaque
deposition can deleteriously affect nearby axons, leading to
dystrophic neurite development [36]. We therefore examined
cathepsin (a type of protease found in lysosomes, primarily
responsible for breaking down proteins under optimal pH
conditions [37]) levels within dystrophic neurites by immuno-
fluorescent staining. We found that 5xFAD mice treated with
pitolisant for 15 days had significantly increased cathepsin B (Fig.
5c) and cathepsin D (Fig. 5d) levels in dystrophic neurites
compared with the saline control group.
Previous studies have indicated that neurons expressing H3Rs

also co-expressed glutamate decarboxylase or vesicular glutamate
transporter [39, 40], suggesting that pitolisant may target both
excitatory and inhibitory neurons. To investigate whether pitolisant
would affect dystrophic neurites in excitatory or inhibitory neurons,
we labeled glutamatergic or GABAergic neurons through viral
injections of mCaMK2α-EGFP or mDlx-GFP into the subarachnoid
space of 5xFAD mice, respectively, followed by pitolisant or saline
administration (Supplementary Figure 7a). Congo red was used to
stain plaques. The analysis of neurites near plaques revealed that
pitolisant-treated mice had smaller dystrophic neurites in both
glutamatergic (Supplementary Figure 7b–d) and GABAergic neu-
rons (Supplementary Figure 7e–g), supporting the pitolisant’s effect
on improving dystrophic neurites of both excitatory and inhibitory
neurons.
In addition, we also examined the enzyme activity of cathepsin

B/D in brain homogenates and found that the activity of cathepsin
B and D in WT mice was significantly higher than in the 5xFAD
group, and pitolisant treatment significantly increased the activity
of cathepsin B (Fig. 5e) and cathepsin D (Fig. 5f) in 5xFAD mice,
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Fig. 3 Pitolisant significantly improves cognitive flexibility in 5xFAD mice. a Left: schematic of the Morris water maze. Right: experimental
procedure of the Morris water maze test for 5xFAD mice that either received or did not receive pitolisant (20mg/kg per day; male mice 6 to
7 months of age). Acquisition tests were performed 3 times per day for 8 days. The reversal test was performed 3 times per day for 5
consecutive days. The probe tests were conducted after the acquisition test and reversal test, respectively. b Summary graph showing the
latency to find the hidden platform in the acquisition test (n= 19 WTmice with saline, n= 20 5xFAD mice with saline, n= 17 5xFAD mice with
20mg/kg pitolisant; two-way ANOVA with Tukey’s multiple comparisons test; WT versus 5xFAD + S, P < 0.0001; 5xFAD + S versus 5xFAD + P,
P= 0.5058). c Time spent in target quadrant area during the probe test after the acquisition test (n= 19 WT mice with saline, n= 20 5xFAD
mice with saline, n= 17 5xFAD mice with 20mg/kg pitolisant; one-way ANOVA with Tukey’s multiple comparisons test; WT+ S versus 5xFAD +
S, P= 0.0005; 5xFAD + S versus 5xFAD + P, P= 0.9285; WT+ S versus 5xFAD + P, P= 0.0025). d Histogram showing the latency to find the
hidden platform in the reversal test (n= 19 WT mice with saline, n= 20 5xFAD mice with saline, n= 17 5xFAD mice with 20mg/kg pitolisant;
two-way ANOVA with Tukey’s multiple comparisons test; WT+ S versus 5xFAD + S, P < 0.0001; 5xFAD + S versus 5xFAD + P, P < 0.0001; WT+ S
versus 5xFAD + P, P < 0.0001). e Time spent in target quadrant area during the probe test after the reversal test (n= 19 in WTmice with saline,
n= 20 5xFAD mice with saline, n= 17 5xFAD mice with 20mg/kg pitolisant; one-way ANOVA with Tukey’s multiple comparisons test; WT+ S
versus 5xFAD + S, P < 0.0001; 5xFAD + S versus 5xFAD + P, P= 0.0042; WT+ S versus 5xFAD + P, P= 0.2888). Each dot represents an individual
animal. Error bars represent mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ns = no significance.
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Fig. 4 Pitolisant alleviates Aβ burden in 5xFAD mice. a Left: Levels of soluble Aβ40 in brain homogenate of 5xFAD mice measured by ELISA
(n= 8 mice for WT+ S; n= 8 mice for 5xFAD + S; n= 8 mice for 5xFAD + P; Mann Whitney test, P= 0.0002). Middle: Levels of insoluble Aβ40
in brain homogenate of 5xFAD mice measured by ELISA (n= 8 mice for WT+ S; n= 8 mice for 5xFAD + S; n= 8 mice for 5xFAD + P; two-
tailed unpaired t test, P= 0.0007). Right: Levels of soluble Aβ40 in plasma of 5xFAD mice measured by ELISA (n= 8 mice for WT+ S; n= 8 mice
for 5xFAD + S; n= 8 mice for 5xFAD + P; two-tailed unpaired t test, P= 0.6006). ND = not detected. b Left: Levels of soluble Aβ42 in brain
homogenate of 5xFAD mice measured by ELISA (n= 8 mice for WT+ S; n= 8 mice for 5xFAD + S; n= 8 mice for 5xFAD + P; Mann Whitney
test, P= 0.0003). Middle: Levels of insoluble Aβ40 in brain homogenate of 5xFAD mice measured by ELISA (n= 8 mice for WT+ S; n= 8 mice
for 5xFAD + S; n= 8 mice for 5xFAD + P; two-tailed unpaired t test; P= 0.0009). Right: Levels of soluble Aβ40 in plasma of 5xFAD mice
measured by ELISA (n= 8 mice for WT+ S; n= 8 mice for 5xFAD + S; n= 8 mice for 5xFAD + P; Mann Whitney test, P= 0.7984). ND = not
detected. c Representative images of Aβ (Thioflavin S) staining in the cortex (Ctx) and hippocampus (Hp). d Representative images of Aβ (6E10
antibody) staining in the cortex (Ctx) and hippocampus (Hp). e Left: quantification of thioflavin S positive area in the cortex (n= 8 mice for
WT+ S; n= 8 mice for 5xFAD + S; n= 8 mice for 5xFAD + P; two-tailed unpaired t test, P= 0.014). Right: quantification of thioflavin S positive
area in the hippocampus (n= 8 mice for WT+ S; n= 8 mice for 5xFAD + S; n= 8 mice for 5xFAD + P; two-tailed unpaired t test, P= 0.0097).
ND = not detected. f Left: quantification of 6E10 positive area in the cortex (n= 8 mice for WT+ S; n= 8 mice for 5xFAD + S; n= 8 mice for
5xFAD + P; Mann Whitney test, P= 0.0002). Right: quantification of 6E10 positive area in the hippocampus (n= 8 mice for WT+ S; n= 8 mice
for 5xFAD+S; n= 8 mice for 5xFAD + P; two-tailed unpaired t test, P= 0.0039). ND = not detected. Each dot represents an individual animal.
Error bars represent mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ns = no significance.
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indicating that pitolisant promotes lysosomal function in
the brain.
Are similar effects by pitolisant observed in female 5xFAD mice?

To answer this question, we examined whether the pitolisant’s
effects on AD could be replicated in 6–7-month-old female 5xFAD
mice (Supplementary Figure 8a). Immunohistology results showed
that 15-day pitolisant treatment (20 mg/kg/d) reduced thioflavin-
positive plaques in the cortex and hippocampus, as well as the
area and density of dystrophic neurites (Supplementary Figure
8b–e). Wide-field calcium imaging results showed that the slow-

wave coherence was enhanced and the frequency was reduced,
suggesting the impaired cortical network function was restored
(Supplementary Figure 8f–i). Cognitive improvement was
observed in both 10-minute and 24-hour delay NORT and NLRT
paradigms, with increased interaction times with novel objects or
novel location, respectively (Supplementary Figures 8j, 9a–f).
Pitolisant also significantly increased cathepsin B/D activity and
promoted lysosomal function (Supplementary Figure 8k–l). These
experiments reproduced the effect of pitolisant in female
5xFAD mice.

Fig. 5 Pitolisant decreases dystrophic neurites and improves lysosome function. a Representative images of dystrophic neurites (Lamp1
positive staining) around the plaque in 5xFAD with saline or with pitolisant treatment. There are no dystrophic neurites or Aβ plaques in the
brains of WT mice. b Left: Statistic plot showing lamp1 positive fraction around the plaque in 5xFAD with saline or with pitolisant (n= 6 mice
for WT+ S; n= 6 mice for 5xFAD + S; n= 6 mice for 5xFAD + P; Mann Whitney test, P= 0.0022). Right: Statistic plot showing lamp1 positive
clusters count in 5xFAD with saline or with pitolisant (n= 6 mice for WT+ S; n= 6 mice for 5xFAD + S; n= 6 mice for 5xFAD + P; Mann
Whitney test, P= 0.0022). ND = not detected. c Left: Double immunofluorescence staining images of cathepsin B (green) and lamp1 (red).
Right: Statistic plot showing cathepsin B intensity in lamp1+ area (n= 6 mice for WT+ S; n= 6 mice for 5xFAD + S; n= 6 mice for 5xFAD + P;
Mann Whitney test, P= 0.0411). CTSB = cathepsin B. ND = not detected. d Left: Double immunofluorescence staining images of cathepsin D
(green) and lamp1 (red). Right: Statistic plot showing cathepsin D intensity in lamp1+ area (n= 6 mice for WT+ S; n= 6 mice for 5xFAD + S;
n= 6 mice for 5xFAD + P; Mann Whitney test, P= 0.026). CTSD = cathepsin D. ND = not detected. e Cathepsin B activity in brain homogenate
detected by ELISA (n= 8 mice for WT+ S; n= 8 mice for 5xFAD + S; n= 8 mice for 5xFAD + P; ordinary one-way ANOVA). f Cathepsin D
activity in brain homogenate detected by ELISA (n= 8 mice for WT+ S; n= 8 mice for 5xFAD + S; n= 8 mice for 5xFAD + P; ordinary one-way
ANOVA). Each dot represents an individual animal. Error bars represent mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ns = no significance.
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The effects of pitolisant are reversed by inhibiting lysosomal
activity in the brain
To investigate whether the enhanced lysosomal function by
pitolisant was necessary for its effects in AD mice, we applied
cathepsin inhibitor 1 (15 μg in 1 μL) or a dimethyl sulfoxide
(DMSO, 1 μL) as control by intracerebroventricular (i.c.v.) infusion
via cannula implanted in the lateral ventricle (Fig. 6a left, mid) to
inhibit lysosomal function in pitolisant-treated male 5xFAD mice
(Fig. 6a right). After confirming that cathepsin inhibitor 1 indeed
inhibited cathepsin B activity in brain homogenates (Fig. 6a right),
we conducted NORT (Fig. 6b) and NLRT (Fig. 6c) assays, which
showed that the positive behavioral effects of pitolisant were
significantly reversed by inhibiting lysosomal function. Subse-
quent wide-field Ca2+ imaging showed the cortical slow-wave
frequency was higher in the group treated with cathepsin

inhibitor 1 than the vehicle control (Fig. 6d, f), while the
synchronization of slow-wave activity across cortical regions was
lower in the cathepsin inhibitor 1 group than the vehicle control
group in 5xFAD mice (Fig. 6e, g). Statistical analysis of slow waves
confirmed that inhibition of lysosome function by cathepsin
inhibitor 1 significantly reversed the enhanced synchrony (Fig. 6h)
and reduced frequency (Fig. 6i) observed in pitolisant-treated AD
model mice. The observed differences cannot be explained by
cannulation implantation, as we performed wide-field calcium
imaging with and without cannulation in WT mice (Supplementary
Figure 10a, b). The calcium imaging statistics showed that
cannulation did not affect the coherence or frequency of slow
waves across cortical regions (Supplementary Figure 10c, d).
Additionally, we conducted control experiments using cathepsin
inhibitor 1 in WT mice (Supplementary Figure 11a). Similar to the
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results before, administration was performed via cannula into the
lateral ventricle (Supplementary Figure 11b). The cathepsin B
enzyme activity assay results indicated that the WT mice receiving
cathepsin inhibitor 1 showed a lower CTSB enzyme activity in the
ventricles than the control group, confirming the efficacy of the
cathepsin inhibitor 1. In the wide-field calcium imaging results
(Supplementary Figure 11d, e), there were no significant
differences in slow-wave synchrony and calcium signal frequency
between WT mice treated with cathepsin inhibitor 1 and the
control group (Supplementary Figure 11f, g). Furthermore, we
performed NORT and NLRT behavioral tests, which showed no
differences in the interaction time index with the new object or
the object moved to a new location between WT mice treated
with cathepsin inhibitor 1 and the control group (Supplementary
Figure 11h, i). These data suggest that cathepsin inhibitor 1 does
not affect neural network activity and cognitive function under
physiological conditions.
Overall, the data suggest that pitolisant improves cognitive and

pathological abnormalities in AD mice possibly by enhancing
neuronal lysosomal function, and that inhibition of lysosomal
function can block the pitolisant’s effect. To test whether
lysosomal inhibition would worsen cognitive deficits and AD
pathology, we first chose 3–4-month-old 5xAD mice to avoid “the
floor effect”. We used cathepsin inhibitor 1 in these mice
(Supplementary Figure 12a, b). CTSB enzyme assays confirmed
an effective inhibition (Supplementary Figure 12c), and immuno-
fluorescence showed an increase in sulfur-positive plaques,
LAMP1-positive neurite area, and aggregate density (Supplemen-
tary Figure 12d–j). Wide-field calcium imaging indicated a reduced
cortical coherence and an increased calcium signal frequency in
treated mice (Supplementary Figure 12k–n), while NORT results
showed a decreased interaction with novel objects (Supplemen-
tary Figure 12o). These results indicate that lysosomal inhibition
accelerates pathology, network dysfunction, and cognitive deficits
in early AD mice, which are consistent with the previous studies
[41, 42].
Our in vivo results indicate that pitolisant improves cognitive

function in the AD mouse model by enhancing neuronal
lysosomal function. However, how does pitolisant improve the
impaired neuronal lysosomal function? To address this question,
we designed in vitro neuronal experiments. First, we confirmed
the expression of H3Rs in the mouse neuronal cell line HT22
(Supplementary Figure 13a), consistent with the previous report
[43]. Next, we performed a CCK8 cell viability assay to assess
the effect of different concentrations of pitolisant incubated for
48 h on cell viability. The results showed that high concentra-
tions of pitolisant (150, 175, 200 μM) were detrimental to the

cells, so we chose a concentration of 100 μM for subsequent
experiments.
H3R is a GPCR that binds to Gi/o proteins, whose activation

inhibits AC and reduces cAMP synthesis [44]. After incubating with
100 nM oligo-Aβ42 for 48 h, ELISA revealed that Aβ significantly
lowered cAMP level in neurons, while pitolisant reversed this
effect (Supplementary Figure 13c). As cAMP can regulate
lysosomal acidification pathways [45], we used a lysosensor probe
to assess acidity in neurons (Supplementary Figure 13d). Aβ
reduced lysosomal acidity, while pitolisant restored it. The
v-ATPase inhibitor BafA1 served as a positive control, showing
the lowest acidity. PKA inhibitor H-89 blocked pitolisant’s effect
(Supplementary Figure 13e). Furthermore, CTSB enzyme activity
assays confirmed pitolisant’s effects in vitro (Supplementary
Figure 13f). These results suggest pitolisant modulates lysosomal
acidity via the H3R/cAMP/PKA pathway.

DISCUSSION
In this study, we reveal that pitolisant, a previously approved first-
line drug to treat narcolepsy [46], can restore disrupted cortical
slow waves and cognitive deficits in the 5xFAD mouse model via a
mechanism of promoting lysosomal function. Up-regulating
lysosomal function is known to enhance the overall clearance
rate of toxic substances [47, 48], such as the soluble Aβ as well as
all other endogenous toxins in the brain that have been identified
as vicious players in the pathogenesis of AD [49–53], thereby
resulting in a brain-wide synergistic effect of rescuing neuronal
dysfunctions and cognitive dysfunctions. Indeed, our data (Fig. 4)
show that not only the plaque but also the soluble Aβ were
reduced by almost 2-fold in the treatment group. It warrants
mention that H3R, the specific target of pitolisant, is also expressed
in microglia [54] and astrocytes [55] that are the main work force
of toxic substance clearance in the brain. Therefore, this ‘side-
effect’ of pitolisant to rescue AD in an animal model can be
mechanistically interpreted (Fig. 6) as a new, beneficial ‘main
effect’ of enhancing toxin clearance via up-regulating lysosome
functionality.
What could be the possible factors involved in disrupting slow-

wave activity in AD mice? Dystrophic neurites emerged as a
hallmark of AD pathology [35, 38] that may interfere with action
potential propagation along axons, resulting in abnormal long-
range connectivity among distant brain regions [4, 56], which
could contribute to desynchronizing slow waves across cortex-
wide networks. Additionally, dystrophic neurites could further
impair synaptic plasticity by disrupting the precise timing of
synaptic activity between pre- and post-synaptic neurons [57].

Fig. 6 Inhibition of lysosomal function impairs the memory-improving effects and ameliorative effect on impaired slow waves of
pitolisant in 5xFAD mice. a Left: Schematic of the cannula implantation in the lateral ventricle for pharmacologic administration. Middle:
Representative image of cannula position in the lateral ventricle. Right: Quantification of cathepsin B (CTSB) activity in the brain homogenate
by enzyme activity assay (n= 4 mice for 5xFAD + P+D; n= 4 mice for 5xFAD + P+ C; Mann Whitney test, P= 0.0286). P = pitolisant (i.p.),
D=DMSO (i.c.v. with cannula), C = cathepsin inhibitor 1 (i.c.v. with cannula). b Left: Statistic plot of the NORT learning phase (n= 4 mice for
5xFAD with pitolisant and DMSO; n= 4 mice for 5xFAD with 20mg/kg pitolisant and cathepsin inhibitor 1; Mann Whitney test, P= 0.4857).
Right: Statistic plot of the NORT testing phase (n= 4 mice for 5xFAD with pitolisant and DMSO; n= 4 mice for 5xFAD with 20mg/kg pitolisant
and cathepsin inhibitor 1; Mann Whitney test, P= 0.0286). c Left: Statistic plot of the NLRT learning phase (n= 4 mice for 5xFAD with pitolisant
and DMSO; n= 4 mice for 5xFAD with 20mg/kg pitolisant and cathepsin inhibitor 1; Mann Whitney test, P= 0.6857). Right: Statistic plot of the
NLRT testing phase (n= 4 mice for 5xFAD with pitolisant and DMSO; n= 4 mice for 5xFAD with 20mg/kg pitolisant and cathepsin inhibitor 1;
Mann Whitney test, P= 0.0286). d Activity traces from a 5xFAD mouse treated with pitolisant and DMSO. e Cross-correlation matrix calculated
from the same animal shown in d. f Activity traces from a 5xFAD mouse treated with pitolisant and cathepsin inhibitor 1. g Cross-correlation
matrix calculated from the same animal shown in f. h Summary graph displaying the average cross-correlation coefficients and standard errors
plotted against the cortical distance (categorized as near for two neighboring cortical domains, mid for domain pairs separated by one region,
and far for domain pairs separated by two regions) in all groups (n= 4 mice for 5xFAD with pitolisant and DMSO; n= 4 mice for 5xFAD with
20mg/kg pitolisant and cathepsin inhibitor 1; two-way ANOVA with Šídák’s multiple comparisons test, main effect of manipulation,
P < 0.0001). i Summary graph of the mean frequencies of slow waves in cortical areas for all groups (n= 4 mice for 5xFAD with pitolisant and
DMSO; n= 4 mice for 5xFAD with 20 mg/kg pitolisant and cathepsin inhibitor 1; two-way ANOVA with Šídák’s multiple comparisons test, main
effect of manipulation, P < 0.0001). Each dot represents an individual animal. Error bars represent mean ± SEM. *P < 0.05, **P < 0.01,
***P < 0.001, ns = no significance.
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Along these lines, we indeed found that the abundance of
dystrophic neurites surrounding Aβ plaques was significantly
lower after 15-day pitolisant treatment in the AD mouse brain,
supporting the notion that dystrophic neurites serve as a
structural basis leading to the disruption of neural network
function in AD.
Neuronal hyperactivity in early stage of AD was thought to be a

key factor affecting slow-wave oscillation. There is a strong
correlation between the neuronal hyperactivity and the distur-
bance of long-range brain circuits in animal models of AD [11].
Neuronal hyperactivity in AD patients is also associated with
impaired sleep-associated slow oscillations [58]. Moreover, experi-
mentally restoring slow-wave oscillation can rescue cognitive
deficits in AD mouse models [11]. The presence of soluble Aβ has
been suggested to interfere with synaptic transmission between
neurons [59], which could also disrupt the balance between
excitatory and inhibitory neurons, thus resulting in abnormal
neuronal network activity. Consistent with this, we found that
soluble Aβ in brain homogenates was significantly reduced after
15 days of pitolisant treatment (Fig. 4a, b).
In 5xFAD mice, overexpression of mutant human amyloid

precursor protein (APP) and presenilin 1 (PSEN1) leads to heavy Aβ
accumulation in poorly acidified autophagic lysosomes, resulting
in the formation of Aβ plaques [37]. Consequently, Aβ oligomers
near these plaques can enter surrounding axons, inducing the
formation of numerous dystrophic neurites that are also enriched
with such poorly acidified lysosomes [36], further inhibiting
neuronal network function. Therefore, dysregulation of lysosomal
acidification is possibly a critical factor in the development and
progression of plaques and dystrophic neurites. Consistent with
this hypothesis, we found that the plaque burden and soluble Aβ
levels were both decreased in AD mice treated with pitolisant. In
addition, cathepsin content in dystrophic neurites and cathepsin
activity (cathepsin B and cathepsin D) in brain homogenates were
both increased after pitolisant treatment, suggesting improved
lysosomal function. Importantly, inhibiting lysosomal function
in vivo by injection of cathepsin inhibitor 1 significantly reversed
the therapeutic effects of pitolisant on improving memory
performance and restoring slow-wave activity, further illustrating
that improved lysosomal function in neurons underpins the anti-
AD mechanism of pitolisant.
As a presynaptic autoreceptor, H3R regulates histamine synth-

esis and release through negative feedback mechanisms [60]. It is
known that H3R antagonists can elevate brain histamine levels via
the release from the tuberomammillary nucleus (TMN) neurons
[60, 61]. However, as a presynaptic heteroreceptor, H3R also
negatively modulates the release of other neurotransmitters [44].
Furthermore, H3R has been detected in postsynaptic neurons,
where it regulates the activity of cholinergic neurons [62]. Given
the fact that acute administration of pitolisant has no effects on
neuronal network function and behavior, we propose the
therapeutic mechanism of pitolisant is not mediated by its direct
influence on neuronal activity.
Cognitive flexibility of spatial memory involves two key

processes, the formation of new memories and the weakening
or extinction of old memories, both of which are impaired in AD
[59]. The pitolisant-treated AD mice showed no difference in the
initial learning to navigate a location but performed better in the
reversal learning compared to untreated mice. This result suggests
the pitolisant improves cognitive flexibility without changes in the
initial acquisition task. This also indicates that acquisition and
reversal learning may involve different neural circuits or cellular
mechanisms. Further studies are required to dissect the neural
mechanisms underlying cognitive flexibility.
We have preliminarily explored the molecular mechanism by

which pitolisant improves neuronal lysosomal function. As a GPCR
coupled with Gi/o protein, H3R inhibits adenylate cyclase, thereby
reducing cAMP levels [44]. Consistent with this, we found that

pitolisant could increase the low cAMP levels caused by Aβ
incubation. Lysosomal acidification is primarily maintained by the
vacuolar ATPase (v-ATPase), a multimeric enzyme complex that
pumps protons from the cytosol into the lysosomal lumen [63],
and the activation of this complex requires PKA [64]. In line with
this, we found that pitolisant alleviates the abnormal lysosomal
acidity caused by Aβ incubation, while the competitive inhibitor
H89, which prevents cAMP from binding to PKA, abolishes
pitolisant’s ability to improve the lysosomal acidity and cathepsin
dysfunction induced by Aβ. Therefore, pitolisant may enhance
lysosomal function by ameliorating neuronal lysosomal acidifica-
tion dysfunction through the H3R/cAMP/PKA axis.
In 5xFAD mice, Aβ accumulates in the acidic dysfunctional

lysosomes of neurons, leading to cell death [37]. In this study, we
found that pitolisant enhances lysosomal function by promoting
lysosomal acidification. Therefore, we speculate that the reduction
of soluble Aβ in brain homogenates after 15 days of pitolisant
treatment may be related to the enhanced lysosomal function in
neurons. Consistent with this, another H3R antagonist (thioper-
amide) has been found to rescue neuronal loss in APP/PS1 mice
[65]. Therefore, enhancing lysosomal acidification in neurons may
be one of the mechanisms underlying the neuroprotective effects
of pitolisant.
In addition to neuronal mechanisms, the neuroglial microenvir-

onment plays a crucial role in preventing the formation of
dystrophic neurites around plaques [36]. H3R is expressed in both
microglia and astrocytes [66]. Although previous studies have
showed that microglia do not respond to H3R-mediated regula-
tion [67], calcium imaging studies have suggested that the
phagocytic activity of microglia can be directly controlled by
histamine H2 receptor (H2R) and indirectly controlled by
purinergic signaling mediated by histamine H1 receptor (H1R)
on astrocytes [67]. Further studies are required to explore the
interactions between neuronal lysosomal mechanisms and
histamine-dependent neuroglial cell mechanisms.
In summary, our results demonstrate that the FDA-approved

H3R antagonist, pitolisant, can improve slow waves and cognitive
impairments in 5xFAD mice by enhancing neuronal lysosomal
function. Based on the fact that pitolisant has been already
approved worldwide for its safety, this animal model study paves
the road to launch new clinical trials to systematically test the
effect of pitolisant treatment in rescuing AD patients regardless of
their disease progression.

MATERIALS AND METHODS
Subject
This study followed the guidelines approved by the Animal Ethics
Committee of Guangxi University. We used heterozygous 5xFAD mice
(Tg6799, C57BL6), which express mutant human APP and PSEN1 (APP
KM670/671NL: Swedish, I716V: Florida, V717I: London, PSEN1 M146L,
L286V), along with age-matched wild-type littermate control mice, aged 6
to 7 months, as the animal subjects. The mice were housed in optimouse
cages under controlled conditions, with a 12-hour light/dark cycle, and
were provided ad libitum access to food and water. If not specifically
stated otherwise, male mice were used in the experiments. Pitolisant
(#S87162, Yuanye) was dissolved in saline and administered to the animals
via intraperitoneal injection (i.p.). Cathepsin inhibitor 1 (#GC16181, GLPBIO)
was dissolved in DMSO and administered to the animals via intracer-
ebroventricular injection (i.c.v.).

Stereotaxic surgery for wide-field Ca2+ imaging
We induced anesthesia in all mice using a mixture of 3% isoflurane in air.
During surgery, we reduced the concentration of isoflurane to 0.8–1%. We
maintained a consistent level of anesthesia characterized by the absence
of reflexes (such as tail clips) and a respiratory rate of 80–110 breaths per
minute. To ensure a stable body temperature of 37 ± 0.5 °C, we placed the
mice on a warming plate. We protected the mice’s eyes with Bayer’s
Bepanthen to prevent desiccation. After removing the skin from the skull
area, we affixed the recording chamber to the skull using a custom-made
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adhesive and light-curing Tetric N-Flow (Lvoclar Vivadent AG). For large-
scale Ca2+ imaging, we created a cranial window over both cortical
hemispheres while ensuring the dura remained intact, taking extreme care
not to damage the underlying cortical tissue. For large-scale Ca2+ imaging
following cannula implantation, we created a cranial window over only half
of the cortical hemispheres. The recording chamber was perfused with
artificial cerebrospinal fluid (ACSF) containing 125mM NaCl, 4.5 mM KCl,
26mM NaHCO3, 1.25mM NaH2PO4, 2 mM CaCl2, 1 mM MgCl2, 20 mM
glucose, and adjusted to a pH of 7.4.

Stereotaxic surgery for cannula implantation
We implanted cannula (RWD Life Science) into the lateral ventricle at the
following coordinates relative to bregma: AP: 0.0 mm, ML: 1.0 mm, DV:
−2.0 mm. After completing the implantation, we secured the cannula onto
the skull surface using light-curing Tetric N-Flow (Lvoclar Vivadent AG) and
dental cement. Before conducting wide-field Ca2+ imaging, we removed
the cannula and sealed the hole using Vetbond Tissue Adhesive (3 M). To
confirm the position of the cannula, we conducted brain sectioning
following perfusion with 4% PFA at the conclusion of all experiments.

Wide-field Ca2+ imaging in vivo
In this investigation, cortical regions were visualized utilizing a standard
volume loading technique, and the cortex was stained employing the
fluorescent Ca2+ indicator Cal 520 AM. Cal 520 AM was solubilized in a 20%
Pluronic F-127 dimethyl sulfoxide (DMSO) solution at a concentration of
10mM, subsequently diluted to a final concentration of 0.5 mM in ACSF.
This solution was administered to multiple regions within the exposed
cranium utilizing a glass micropipette and an RWD microinjector, with an
injection rate of 3 nl/s and a volume of 500 nl per injection site. This
method yielded near-complete labeling of the entire cortex. High-speed
digital imaging was conducted utilizing a Dhyana 400BSI camera (TUCSEN)
in conjunction with a fluorescence microscope and a 2x/0.08 NA
apochromat objective (Olympus) or a 2-CAFE imaging system (2-Channel
Alternating exposure wide-Field Explorer, NewLight Optolnstrument Co.,
Ltd; see: www.newlightxhr.com). Images were captured at a frequency of
30 Hz with a resolution of 1024 × 1024 pixels employing the Mosaic v1.4
data acquisition software provided by the manufacturer.

Imaging data analysis
We employed custom software packages, including LabVIEW 2014, Igor Pro
5.0 (Wavemetrics Inc., USA) and MATLAB 2016b (MathWorks, USA), for
offline data analysis, ensuring the reliability of our results. The LOTOS
program, based on LabVIEW, facilitated the calculation of Ca2+ signals for
each region of interest (ROI) as relative fluorescence changes ΔF/F = (F-
F0)/F0 over time, with F0 estimated as the 25th percentile of fluorescence
values for each ROI. Given that heart rate artifacts manifest at frequencies
above 4 Hz, falling within the relevant signal range, we employed a custom
MATLAB filtering program based on the fast Fourier transform to eliminate
cardiac-related artifacts.
To explore the spatial coherence of cortical Ca2+ signals, we segmented

each hemisphere of the cortex into four regions spanning from anterior to
posterior: frontal cortex, motor cortex, somatosensory cortex, and parietal
cortex. Coherence assessment was conducted based on the mean Ca2+

signal of each cortical region over a 30-second period. Calculation of the
frequency of Ca2+ transients involved the initial detection of transient
peaks. Subsequently, the Ca2+ transient data underwent smoothing using
a window span of 3, with the first round of transient peaks required to
exhibit a minimum peak prominence equivalent to the signal standard
deviation. Only one peak per second was permitted in this initial round.
Subsequent measurement of transient peaks in the second round was
constrained by the average peak width, thereby determining the final peak
components.

Behavior assays
The behavior assays took place during the light phase of the diurnal cycle
(from 07:00 h to 19:00 h). Mice were randomly assigned to the
experimental group and underwent specific behavioral testing. Before
commencing the experiments, mice underwent a habituation phase
consisting of 1–2min of researcher manipulation for 7 consecutive days.
This procedure occurred in a designated holding room, where each mouse
remained for the duration of the manipulation. To minimize stress and
familiarize the mice with the testing environment, each mouse was
transported from the holding room to the vicinity of the behavioral testing

room in its homecage before each experimental session. Throughout all
behavioral experiments, blind analysis was employed to mitigate potential
observer biases in the experimental group.

Novel object recognition test
We conducted the NORT in an open square arena measuring 40 cm×40 cm
x 40 cm. The test comprised three stages: habituation, learning, and
testing. Initially, on the first day, the mice were allowed to freely explore
the arena for 10min to acclimate to the environment. The second day was
designated as the learning stage, where two identical objects were placed
in opposite corners of two quadrants within the arena. The mice were then
permitted to explore these objects for 10min. After this exploration, the
mice were promptly returned to their homecage. Ten minutes later, the
testing stage commenced, during which one of the objects was
substituted with a novel one. The experimental mice were introduced
into the arena for a final 10-minute period of free exploration. In this
article, there is another version of this paradigm, where the interval
between learning and testing is 24 h instead of 10min.
We recorded the behavior of the mice using a 30 Hz infrared camera

(DS-2CD5047EFWD, HIKVISION) with a spatial resolution of 1280 × 720.
Throughout both the training and testing stages, a trained analyst, blinded
to the experimental groups, manually reviewed the recorded video to
assess the time spent exploring each object, as indicated by sniffing
behavior. This information facilitated the evaluation of object preference
among the mice. The ΔObject recognition index was computed utilizing
the subsequent equation:

ΔObject recognition index ¼ ðTn � Tf Þ
ðTn þ Tf Þ

Novel object location recognition test
Similar to the NORT, we conducted the NLRT in an open square arena
measuring 40 cm×40 cm x 40 cm. The task comprised three stages:
habituation, learning, and testing. Initially, on day 1, mice were given a
10-minute period of free exploration in the arena to acclimatize. On day
2, designated as the learning stage, two identical objects were randomly
positioned in separate quadrants of the arena. Mice were then allowed
to explore these objects for 10 min. Subsequent to this exploration, the
mice were promptly returned to their homecages. Ten minutes later, the
testing stage commenced, during which one of the objects was
relocated to a different quadrant, while the other object remained in
its original position. The experimental mice were then introduced into
the arena for a final 10-minute period of free exploration. In this article,
there is another version of this paradigm, where the interval between
learning and testing is 24 h instead of 10 min. We recorded the behavior
of the mice using a 30 Hz infrared camera (DS-2CD5047EFWD,
HIKVISION) with a spatial resolution of 1280 × 720. Throughout both
the training and testing stages, a trained analyst, blinded to the
experimental group, manually reviewed the recorded video to assess
the time spent exploring each object, as indicated by sniffing behavior.
This information facilitated the evaluation of location preference among
the mice. The ΔObject location recognition index was computed
utilizing the subsequent equation:

ΔObject location recognition index ¼ ðTn � Tf Þ
ðTn þ Tf Þ

Morris water maze
We conducted the Morris water maze task in a cylindrical water tank
(diameter 150 cm, height 40 cm), where water at a temperature of
20 °C ± 1 °C was rendered opaque by the addition of titanium dioxide.
Concealed from view, a platform positioned at the center of one quadrant
remained submerged beneath water elevated 1.5 cm above its surface.
Multiple visual cues strategically positioned on the pool walls, facilitated
spatial orientation for the platform’s location.
Mice were introduced to the pool one day prior to the initiation of the

Morris water maze task to allow for acclimatization, with non-swimmers
excluded from the study. Each day of the acquisition trials entailed three
consecutive 60-second trials, during which mice navigated in search of the
hidden platform. In instances where the platform remained elusive within
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the allocated timeframe, mice were guided to it and given 60 seconds to
familiarize themselves with its location before returning to their cages,
where the heater was activated. The acquisition phase extended over eight
days, culminating in a probe test on the ninth day, during which the
platform was removed, and mice underwent a single 60-second trial.
Subsequently, commencing on the tenth day, the platform was relocated
to the opposite quadrant, initiating three reversal tests daily for five
consecutive days. Following the reversal tests, the platform was removed,
and a single 60-second probe test was conducted. Throughout all training
and testing procedures, video recordings were captured using a 30 Hz
infrared camera (DS-2CD5047EFWD, HIKVISION) with a spatial resolution of
1280 ×720. A custom MATLAB program facilitated tracking of the animals’
positions and data collection.

Tissue and cell immunofluorescence
For tissue immunofluorescence, we perfused the mice with 4% parafor-
maldehyde to initiate brain fixation. Subsequently, we collected, fixed, and
dehydrated the brains in 4% paraformaldehyde solution supplemented
with 15% sucrose. Following dehydration, we sectioned the brains into 50-
micrometer slices using a freezing microtome (CryoStar NX50, Thermo
Scientific). These slices underwent treatment with PBS-T (PBS with Triton X-
100) and donkey serum for 1 h, followed by a 24-hour incubation with
primary antibodies at 4 °C. After thorough washing with PBS, the slices
were subjected to a 2-hour incubation with secondary antibodies.
Preceding their mounting onto microscope slides, the slices underwent
three additional washes with PBS.
For immunofluorescence, the HT22 cell line (mouse neuronal cell line)

was grown on glass coverslips to 70% confluence. The cell cultures were
washed with PBS and fixed with 4% paraformaldehyde for 20min. After
washing with PBS, the cells were permeabilized with 0.3% (v/v) Triton
X-100 in PBS for 10min, rinsed three times in PBS, and treated with 10% (v/
v) donkey serum for 1 h. The cells were then incubated overnight at 4 °C
with the primary antibody, followed by a 1-hour incubation at room
temperature with the secondary antibody, and finally mounted on
microscope slides with a drop of mounting medium.

Antibody list
The staining process employed the following primary antibodies: we used
mouse monoclonal anti-6e10 (#803015, Biolegend, 1:250), rat monoclonal
anti-Lamp1 (#1D4B, DSHB, 1:250), rabbit monoclonal anti-HRH3 (#M06436,
Boster, 1:250), rabbit monoclonal anti-cathepsin D (#ab75852, Abcam,
1:250), and rabbit monoclonal anti-cathepsin B (#ab214428, Abcam, 1:250).
For secondary antibodies, we utilized donkey polyclonal anti-mouse Alexa
Fluor 555 (#ab150106, Abcam, 1:500), donkey polyclonal anti-rat Alexa
Fluor 555 (#ab150154, Abcam, 1:500), and donkey polyclonal anti-rabbit
Alexa Fluor 488 (#ab150073, Abcam, 1:500).

Thioflavin S staining
We used Thioflavin S staining to label Aβ plaques. In brief, we immersed
the brain sections in 0.002% Thioflavin S solution (T1892-25G, Sigma-
Aldrich) in 50% ethanol for 10min, followed by two washes with 50%
ethanol and one wash with PBS. Subsequently, we mounted the sections
onto glass slides and imaged them using confocal microscopy.

Subarachnoid injection
AAV2/9-mDlx-eGFP-WPRE-pA and AAV2/9-mCaMKIla-EGFP-WPRE-pA
viruses were purchased from Taitool (#S0550-9 and #S0241-9). The virus
was injected into the subarachnoid space of one hemisphere of the
mouse brain. Briefly, under isoflurane anesthesia, a thin skull window
approximately 1 mm in diameter was created using a dental drill at
0.0 mm anterior-posterior and 2.0 mm mediolateral from bregma. A 1 ml
syringe needle was used to gently lift the thinned skull to expose the
underlying brain tissue, and the dura mater was carefully removed with
tweezers to avoid damaging the brain parenchyma. The viral solution was
aspirated into a glass electrode pulled with a P1000 (SUTTER), and a
silicone tube connected to a 1 ml syringe was fitted onto the glass
electrode. The tip of the glass electrode was then inserted into the
exposed subarachnoid space, and 5 μl of the viral solution was slowly
injected by pushing the syringe. After injection, the glass electrode was
removed, and the mouse scalp was sutured. The mouse was placed on a
heating pad for recovery. Four weeks after injection, the mice were
sacrificed, and brain sections were collected for confocal microscopy
image data acquisition.

Congo Red staining
We performed co-labeling experiments using Congo Red (C6767, Sigma-
Aldrich) and EGFP virus tags. Briefly, we immersed brain slices in a 0.01%
Congo Red solution (75% ethanol) for 10 min, followed by two washes with
50% ethanol and one wash with PBS. Subsequently, we mounted the slices
with coverslips and imaged them using a confocal microscope.

Confocal microscopy
Images were acquired using an Olympus FV3000 or Zeiss LSM 900 laser
confocal microscope. Laser and detector parameters remained consistent
throughout each analysis. For Ths staining and 6E10 immunofluorescence
assays, images were captured utilizing an Olympus 20x/0.85 NA oil
immersion objective, acquiring images at a resolution of 1024×1024 pixels,
employing a 3-slice projection with a z-step size of 2 μm.
To delineate the area occupied by dystrophic neurites proximal to the

plaques, images were obtained utilizing an Olympus 60x/1.42 NA oil
immersion objective at a 3x magnification, achieving a resolution of
1024 × 1024 pixels, employing a 3-slice projection with a z-step size of 1 μm.
Quantification of dystrophic neurite density was performed using

images acquired utilizing an Olympus 20x/0.85 NA oil immersion objective
at a 3x magnification, achieving a resolution of 1024 × 1024 pixels,
employing a 3-slice projection with a z-step size of 1 μm.
For cathepsin B and cathepsin D immunofluorescence assays, images

were captured using an Olympus 60x/1.42 NA oil immersion objective at a
5x magnification, acquiring images at a resolution of 1024 × 1024 pixels,
employing a 3-slice projection with a z-step size of 1μm. Subsequent
image processing and analysis were conducted using FIJI (ImageJ)
software.
For the detection of virus-labeled dystrophic neurites around plaques,

images were captured using a 40x/0.95 NA objective at a 2x magnification,
with a resolution of 1024 × 1024 pixels. A 4-slice projection was employed
with a z-step size of 1 μm. Subsequent image processing and analysis were
also performed using FIJI (ImageJ) software.

Aβ and cAMP enzyme-linked immunosorbent assay (ELISA)
The mice designated for ELISA and enzyme activity assays underwent
perfusion with PBS only, followed by brain extraction. Brain tissue was
pulverized into homogenate using liquid nitrogen in a mortar. The
resultant brain homogenate was extracted with 0.1 M Tris-buffered saline
(TBS) and centrifuged at 13,000 g for 1 h at 4 °C. The supernatant, obtained
post-centrifugation, contained soluble Aβ components. The residual pellet
containing insoluble Aβ was then dissolved in 2% sodium dodecyl sulfate
buffer (SDS) and subjected to another round of centrifugation at 13,000 g
for 1 h at 4 °C. The supernatant from this centrifugation step contained
insoluble Aβ components. Commercial ELISA kits (Elabscience, E-EL-M3009
for mouse Aβ40, E-EL-M3010 for mouse Aβ42) were employed to quantify
Aβ40 and Aβ42 levels in the brain tissue of 5xFAD mice. ELISA procedures
were conducted following the manufacturer’s protocols. Subsequently, the
data were normalized to total protein content.
For the preparation of cell samples, cells in the culture plate were

washed with PBS, and RIPA lysis buffer was added. The mixture was
incubated on ice for 30min to fully release intracellular components. The
supernatant was collected by centrifugation at 2000×g for 10min to obtain
the cell lysate. cAMP level in cell lysate was quantified by ELISA according
to the manufacturer’s protocol (E-EL-0056c, Elabscience).

Enzyme activity assays for cathepsin B and cathepsin D
Enzyme activities from brain homogenate, specifically cathepsin B and
cathepsin D, were quantified employing assay kits (ab65300 and ab65302,
Abcam) according to the manufacturer’s instructions. For the cathepsin D
activity assay, fractions were incubated in darkness at 37 °C for 1 h with the
cathepsin D substrate GKPILFFRLK (Dnp)-D-R-NH2 labeled with MCA.
Fluorescence emission was measured at Ex: 328 nm and Em: 460 nm using
a transparent 96-well plate (Costar). In the case of the cathepsin B activity
assay, fractions were subjected to a similar incubation condition but with
the cathepsin B substrate RR labeled with amino-4-trifluoromethyl
coumarin. Fluorescence was detected at Ex: 400 nm and Em: 505 nm
using a transparent 96-well plate (Costar). All enzyme activity measure-
ments were conducted employing the SpectraMax M2 Microplate Reader.

HT22 cell culture procedures
HT22 cells (Sunncell) were cultured in DMEM (Sunncell) supplemented
with 10% FBS and maintained in a 37 °C, 5% CO2 incubator.
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CCK-8 assay
Each 96-well plate was inoculated with cells at a density of 2 × 10^4 cells
per well. According to the manufacturer’s instructions, cell viability was
measured using the Cell Counting Kit 8 (FineTest, #FNCK064). A total of
100 μl of CCK8 working solution was added to each well and incubated in
the dark for 1 h. Absorbance at 450 nm was measured using the Epoch
Microplate Reader (Agilent). Cell viability was assessed 48 h after treatment
with different concentrations of pitolisant.

Oligo-Aβ42 preparation procedures
The preparation method for Oligo-Aβ42 (AS-24224, AnaSpec) is as follows:
peptides dissolved in DMSO (5 mM) were diluted to 100 μM with DMEM
and sonicated for 10min. A portion of the peptides was then incubated at
37 °C for 24 h, followed by incubation at 4 °C for 24 h. After that, the
solution was centrifuged at 16,000 g for 15min, and the collected
supernatant was used as Oligo-Aβ42.

Lysosensor probing
In the LysoSensor experiments, HT22 cells were stained with LysoSensor
Green DND-189 (Yeasen, #40767ES50) according to the manufacturer’s
protocol. Briefly, HT22 cells were incubated with 1 μM LysoSensor in
culture media for 1 h at 37 °C. Subsequently, 100x Hoechst 33342 was
added to achieve a final concentration of 1x, and the cells were incubated
for 10min at 37 °C. Images were then acquired using an Axiovert
fluorescence microscope (Zeiss).

Statistical analysis
The data analysis was conducted in a blinded fashion to ensure impartiality,
with the analyst uninformed of the experimental group allocations. Sample
sizes for each group are provided in the corresponding figure legends. The
data in the figure are presented as mean ± standard error of the mean (SEM).
Prism 9 software was utilized for statistical data analysis.
To assess the impact of different doses of pitolisant on cognitive

abilities, we fitted the following equation to the data:

Y ¼ aþ b

1þ 10 Logc�Xð Þ�d

To evaluate the relationship between slow-wave activity and cognitive
abilities, we fitted the following equation to the data:

Y ¼ a � X � b

In the statistical tests, D’Agostino-Pearson, Shapiro-Wilk and
Kolmogorov-Smirnov test was used to determine whether the data follow
a normal distribution. Brown-Forsythe test was used to test the
homogeneity of variances between groups.
For the data within each group meets the criteria of normal distribution

and equal variance, two-tailed paired and unpaired t-test were employed
for comparing two paired and unpaired groups of data. The Mann-Whitney
test was applied when the data does not satisfy the assumption of normal
distribution.
For comparing more than two groups of data, one-way ANOVA followed by

Tukey’s multiple comparisons test was applied when the data in each group
satisfies the assumptions of normal distribution and homogeneity of variance.
When the data in each group meet the assumption of normal distribution but
have unequal variances, Brown-Forsythe and Welch ANOVA followed by
Dunnett’s T3 multiple comparisons test were applied. When the data in each
group do not meet the assumption of normal distribution, the Kruskal-Wallis
test followed by Dunn’s multiple comparisons test was applied.
Two-way ANOVA with Tukey’s multiple comparisons test or Šídák’s

multiple comparisons test was used to compare the effects of two or more
numerical variables on the dependent variable.
Statistical significance was set at α= 0.05. Symbols denoting signifi-

cance were employed as follows: (*) for P < 0.05, (**) for P < 0.01, and (***)
for P < 0.001. Non-significant results were indicated as P > 0.05 (ns).

DATA AVAILABILITY
The data produced and/or scrutinized in this study can be accessed upon request
from the corresponding author. As far as we are aware, no datasets were acquired
from public repositories, nor were any datasets deposited into such repositories
during this investigation.
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